ABSTRACT
I. BACKGROUND

II. ESV REGULATORY STATUS
The ITU has allocated the 4 and 6 GHz bands (C-band) for the FS and the FSS throughout the world. The FS and FSS share these bands on a co-primary basis. Maritime use of a broadband FSS-like service is best described as a Maritime Mobile Satellite Service (MMSS), a subset of the Mobile Services (MS). However, there is no ITU MS, let alone MMSS, allocation in 4/6 GHz. (The same is true in the 12/14 GHz Ku-bands.) In spite of this, ESVs may operate in C-band FSS networks under Section S4.4 of the Radio Regulations as long as they do not claim protection from, nor cause interference to, other services having allocations in the band [1] . In fact, there is already widespread use of ESVs in C-band by the U.S. Navy (USN) and the cruise ship and offshore oil industries. C-band is attractive for providing wideband SATCOM services to maritime customers because it offers global coverage with multiple 36-MHz wide transponders. (Depending on its transmitter power and receive figure-of-merit, each 36-MHz wide Cband transponder typically supports three to four maritime full-duplex T1 links.) Although L-band offers global coverage with an MMSS allocation, the available per-channel bandwidth at L-band is currently inadequate to provide the full range of broadband services increasingly demanded by the maritime market. By agreeing to study ways in which these services can be provided to maritime customers via other bands (e.g., C-and Ku-band) without causing unacceptable interference to incumbent users, the ITU implicitly recognizes that there is currently no other way to entirely satisfy ocean-going broadband communications needs.
III. ESV-ON-FS INTERFERENCE AVOIDANCE:
THREE CASES The work on ESV-on-FS interference avoidance has been partitioned into three cases as discussed in the following subsections.
Case 1: Ship is Stationary at a Pier In Port
It has been proposed that the piers at which ESVequipped ships frequently dock could themselves be coordinated as FSS sites using existing methods. Since this is largely a regulatory question, WP 4-9S has not considered it.
In the U.S., an application to the Federal Communications Commission (FCC) by a domestic wideband maritime SATCOM provider to coordinate 17 frequently used U.S. piers as fixed FSS sites was rejected on 28 September 2000. However, in early February 2001, the National Telecommunications and Information Administration (NTIA) and the FCC appeared to have reached a preliminary agreement to treat pierside ESVs as FSS earth stations. Nonetheless, an agreement on this approach to regulating ESVs when they are pierside has not been finalized.
Case 2: Ship is Underway, Beyond a Distance d xxx from the Coastline Given a description of ESV transmitted power and antenna pattern, FS receiver (FSR) sensitivity to interference, and the radioclimate and intervening terrain, there is a seaward distance d xxx from the coastline beyond which the probability of an ESV causing unacceptable interference to the FS ashore is negligible. If an ESV-equipped ship's operations do not bring it any closer than d xxx to the coastline, then coordination with the FS ashore is not necessary. Coordination is a financially costly activity in which the ESV operator contacts all FS operators in the coastal regions in question to determine which shared FS/FSS earth-to-space frequencies are unused by potentially affected FS stations. ESV transmissions within d xxx of the coast would necessarily be limited to those frequencies. WP 4-9S has agreed on a manner for calculating d xxx and this is presented below. The resulting value of d xxx depends strongly on the values of many parameters. Depending on the interference criterion used to protect the FS, how often ESVs frequent the coastal region in question, the regional propagation characteristics, and other parameters, the calculated value of d xxx can range from 0 to 535 km in the 6 GHz band. The authors have studied the sensitivity of the d xxx calculation result to most of the input parameters.
It is expected that a DNR for calculating d xxx will be completed prior to WRC-2003. This DNR will provide a general procedure that could be used at any frequency above roughly 1 GHz, with any ESV or FS system characteristics, in any region of the world. However, the DNR is also expected to provide fixed d xxx values for C-band and Ku-band, which will necessarily be compromise values. , then it is recommended that the ESV operator coordinate with the FS ashore in order to avoid causing unacceptable interference. Work on a separate DNR for these coordinations is also in progress in WP 4-9S, but beyond the scope of this paper. Figures 1 and 2 . It is a worst case scenario in which the moving ESV is transmitting to a satellite at a low elevation angle in the same azimuthal direction as the FS Receiver (FSR) when the ship's path intersects the FSR antenna's boresight vector.
IV. d xxx CALCULATION SETUP WP 4-9S has agreed on a setup for calculating d xxx , which is shown in
V. INTERFERENCE CRITERIA
How much interference a potential victim system can tolerate is defined with interference criteria. An interference criterion consists of two numbers:
• a permissible interference power level I max , which is often specified via an I/N ratio (a receiver with a higher 1 Leaving or entering port, or transiting near the coast. level of thermal noise can tolerate more interference before any degradation in communications performance is incurred) and
• an amount of time during which it is tolerable for the permissible interference power level to be exceeded, often expressed as an annual percentage p s . Different interference criteria may be specified for various levels of degraded performance. For protecting the FS from ESVs in the 6-GHz band, ITU-R WP 9A 2 has derived two interference criteria [2] :
• I/N = 23 dB not to be exceeded for more than p s = 1.2×10 −5 % of the time for the severely errored seconds (SES) level.
• I/N = 19 dB not to be exceeded for more than p s = 4.5×10 −4 % of the time, errored seconds (ES) level. The time percentages above are annualized values corresponding to 1.6 seconds and 141.9 seconds per year, respectively. Note that, as is generally the case, the higher interference level is tolerable for a shorter time.
The value of I max is calculated as follows: 2 ITU-R Working Party 9A studies FS performance and availability, interference objectives and analysis, effects of propagation and terminology. They are FS subject matter experts. The annual time percentage p s during which it is tolerable for I max to be exceeded is equal to the annual time percentage during which it is permissible for L b, min to not be exceeded. Occurrences of propagation phenomena that allow enhanced electromagnetic coupling (reduced transmission loss) over the horizon above roughly 1 GHz are rare (more rare as the distance from the center point of the propagation path to the equator increases). A lower p s implies that the rarer of these enhanced levels of coupling are being considered, and therefore that a greater distance d xxx between the interference source (ESV) and the potential victim (FSR) is required in order to achieve L b, min .
VI. MINIMUM REQUIRED BASIC TRANSMISSION LOSS
The available ITU-R Recommendations for calculating the required separation distance between FSS and FS stations in order to satisfy interference criteria are Recs. ITU-R P.452 [4] and P.620 [5] . WP 4-9S uses both in the ESV interference avoidance studies.
VII. ITERATIVE d xxx CALCULATION
PROCEDURE Interference from an ESV cannot occur unless the ESV is present. Because the ESV is not always present, it is not appropriate to use p s directly as the time percentage for which the required minimum transmission loss is not exceeded propagation model input parameter (i.e., p in ITU-R Recs. P.452 and P.620). To do so would be equivalent to assuming that the passing of an ESV always coincides with the occurrence of the rarest propagation conditions. The passing of an ESV is statistically independent of propagation conditions. Therefore Clearly, p, through p ESV , depends on how often an ESV passes through the FSR -10-dB beamwidth (WP 4-9S quantifies this as the number of ESV passes per year, f ESV ) and on how much time the ESV spends in this beamwidth during a pass. But this amount of time depends on the distance from the ESV to the FSR (see Figure 2 ). Since p depends on this distance and vice versa, an iterative method for determining the minimum d xxx that satisfies an interference criterion is unavoidable. Figure 3 presents a flow chart detailing the iterative d xxx calculation procedure that is carried out for each desired value of f ESV , the range of which is 1 to 1000 in WP 4-9S' work thus far. Regardless of f ESV , the procedure is initiated under the assumption that the ESV is always present, yielding d xxx (0). The next iteration determines how much time the ESV would spend in the -10-dB beamwidth of the FSR at the distance d xxx (0) and then calculates d xxx (1) based on the resulting value of p. The procedure continues until the difference between the d xxx results on successive iterations is less than a threshold δ = 1 km. There is no basis for using p<0.001% (annual percentage equivalent to 5.25 minutes per year) in the propagation models in Recs. ITU-R P.452 and P.620 [6] . The procedure depicted in Figure 3 observes this restriction.
VIII. 6-GHz d xxx SENSITIVITY STUDY
We have studied the sensitivity of the 6-GHz d xxx results to several input parameters. The propagation losses were calculated using the methods of ITU-R P.452-9 with a computer code that was verified by a WP 4-9S correspondence group. The input parameters and values used in the study are shown in Table 1 . The sensitivity study results support the following conclusions. ) and 25 to 30 km of variation 
IX. SUMMARY AND CONCLUSIONS
Considering the vast economic investment in FS infrastructure, the reaction to ESVs by FS delegates has been very cautious. This assertion is supported by comparing WP 9A's interference criteria for protecting the FS from ESVs (see Section V above) with a more established one used when traditional FSS stations coordinate with the FS. The interference criterion for FSS-FS coordination at Cband given in [7] is:
• I/N = 37 dB not to be exceeded for more than p s = 2.5×10 -3 %. For a given FSR, this Appendix S7 criterion yields an I max value that is 14 and 18 dB greater than the SES and ES levels, respectively, defined by WP 9A. The Appendix S7 p s is 208 and 5.5 times longer than WP 9A's corresponding SES and ES values, respectively.
Furthermore, although the d xxx calculation setup is the best compromise between analytical tractability and realism that WP 4-9S has been able to reach, it represents an extraordinary worst case. Because the typical length of a 6-GHz FS link is 25 km, when d cr < 25 km, WP 4-9S' d xxx calculation setup is only realistically representative of situations in which the ESV-equipped ship would already be within 25 km of the shore. No responsible C-band ESV operator would dispute the need for coordination when operating within 25 km of a coast populated with FSRs facing seaward. WP 4-9S' d xxx calculation technique produces results that are highly sensitive to the input parameters (especially φ, θ and f ESV ). In many cases, the resulting d xxx values are overly conservative for application to situations more general than the calculation setup (i.e., situations in which FSRs are not pointed out to sea and the ESV is not tracking a satellite in the direction of an FSR). Nonetheless, the ESV-on-FS interference avoidance studies proceeding in WP 4-9S represent the best efforts of all participants to develop ITU-R Recommendations that will adequately protect the incumbents while allowing maritime access to broadband services via FSS frequency bands. Since a single globally representative set of parameters cannot be defined, any single d xxx value recommended by the WP 4-9S for a given frequency band will be an "administrative" distance reached via compromise.
